Permanent brain damage commonly follows asphyxia in the newborn period. A clinical survey of 287 newborn infants with seizures indicated that an elevation of levels of phosphorus in serum was not uncommonly associated with the subsequent demonstration of cerebral damage. Experiments were undertaken to examine the possible relations between these variables.
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Introduction
Asphyxia in the perinatal period is one of the most common causes of permanent brain damage in the young child [5, 27] .
Clinically, it is difficult to demonstrate neuronal damage in newborn infants since their activity is not dependent upon their cerebral hemispheres [4, 23] . Electroencephalography has been of little help [22] . An observation made on 287 newborns with seizures at The Hospital for Sick Children suggested another approach. Some of these infants had significant elevations in levels of phosphorus in serum. It seemed possible that neonatal asphyxia and seizures might be causally or temporally related to this finding.
To test this hypothesis, newborn rats were subjected to asphyxia and serial measurements of calcium and phosphorus levels in serum were made. Twenty-four hours following insult, those placed in the chamber had levels of phosphorus in the serum significantly higher than those of the litter-mate controls.
Biochemical estimation of glycolipid N-acetylneuraminic acid (NANA) in lipid extracts of brain indicated that these animals had smaller amounts of cerebral gangliosides than litter-mate controls. This finding suggests that the asphyxiated animals had suffered measurable neuronal loss or damage.
Materials and Methods
Newborn rats, less than one hour of age, were placed in a chamber consisting of a dessicator jar of 10-liter capacity closed at the top by a rubber stopper with three holes ( fig. 1) . A cylinder of nitrogen was attached to one hole, while a second hole was used as the gas outlet. An air-tight plastic cage with a capacity of 150 ml was placed in the jar. To the floor of the cage was attached a lever which, when pressed, would allow the contents of the cage to fall to the bottom of the jar. The lever projected through the third hole in the rubber stopper. A thermometer was placed in the dessicator.
There were ten separate experiments involving 184 newborn rats from twenty litters. In each, two litters of rats were used. Half of each litter was asphyxiated and the remaining animals were kept as controls.
The rats to be asphyxiated were placed in the plastic chamber in the jar, and the jar was sealed with the rubber stopper.
A steady flow of nitrogen, at two liters per minute, was passed through the chamber for a period of five minutes. At the end of this time, a sample of the exhaust gas was analysed for oxygen content by the micro Scholander method [24] and by gas-liquid chromato- graphy. The oxygen content was less than 0.1 %. Repeated analyses throughout the course of the experiment gave identical results.
The cage-opening lever was then pressed, and the rats were allowed to fall to the bottom of the jar. Nitrogen flow through the jar was continued at the same rate for a further period of twenty minutes. During this time the rats made only gasping respiratory movements and rapidly became cyanosed. They were then removed from the jar and returned to the mother. The experiment was conducted at a room temperature of 21 ±1°-In a pilot study, it was found that twenty minutes was the longest time that newborn rats could be kept in the nitrogen atmosphere of the jar without the majority dying. The litter-mate controls remained with the mother and were not placed in the jar. To obtain blood samples, the rats were decapitated with sharp scissors and lightly held upside down over a tube. From each rat, two or three drops of blood could be collected without squeezing. Sets of two or three rats Elevation of phosphorus levels in serum and decreased brain content of gangliosides... 127 were bled at each interval, 3 hours, 24 hours, 3 days and 6 days following insult, and the blood from each set was pooled to provide sufficient volume for chemical analysis. Serum was separated and calcium was estimated by microtitration using EDTA [20] . Inorganic phosphorus was estimated using the method of FISKE and SUBBAROW [7] , and blood urea nitrogen was measured by an automated procedure [19] . Kidneys were removed from the infant animals, fixed, sectioned and stained for light microscopy.
Twenty-five rats, 15 asphyxiated in the newborn period and 10 controls, were kept to an age of 10 weeks. They were weighed at regular intervals and their behavior observed. At this time the animals were decapitated and bled, and the cerebral hemispheres were rapidly removed. When using a brain from such small animals as rats, it is often difficult to obtain exactly comparable samples. Great care was taken in this study, therefore, to remove only cerebral hemispheres. To demonstrate that samples were chemically similar, all brains were assayed for cholesterol content and dry weight. White matter normally contains more cholesterol and less water than gray. Significant variations would thus result if the tissue samples contained different amounts of white matter. The figures in table II indicate that the sampling procedure was reproducible.
The hemispheres from each rat were then weighed and homogenized separately in 20 volumes chloroform : methanol (2:1 v/v). The extract was filtered and partitioned into aqueous and chloroform layers according to FOLCH et al. [8] . Following dialysis of the upper phase, the glycolipid NANA content of the brain was assayed, using Bial's orcinol reaction [10] . The lower phase lipids from the Folch extraction were made to a volume of 25 ml with methanol, and aliquots (0.5 ml) of this phase were assayed for cholesterol by gas-liquid chromatography [13] using cholestane as an internal standard.
Results
In the asphyxiated rats, there was a rise in the level of phosphorus in serum which reached a maximum at twenty-four hours and returned to normal by the third day (table I). The level of calcium in serum rose gradually in both groups but these were not significantly different. There was no significant change in levels of phosphorus in the serum in the control group. Blood urea nitrogen was unchanged throughout the study in both groups (table I) . By light microscopy, there was no significant difference in the kidneys of either group at any of the four intervals in which the young rats were killed.
The cholesterol and glycolipid NANA contents of experimental and control rat brains are listed in table II. Although there is no significant difference in the wet weight or cholesterol content between the two groups, the decrease in glycolipid NANA is significant. Aliquots of the dialysed upper phase were freeze-dried and the dry material chromatographed on thin-layer silica gel plates in propanol: water (7:3 v/v). The spots were detected with resorcinol spray. There was no significant difference between the two groups in the relative amounts of the major ganglioside species.
The asphyxiated rats which survived ten weeks showed significant differences in weight gain and behavior when compared to the control group of the same age (table III) . The experimental rats weighed less and tended to be more shy and apprehensive, hiding in the corner of the cage when approached. The control rats would quickly learn to recognize the person feeding them. Asphyxiated rats did not seem able to learn in the same way as did the controls; their learning capacity is currently being examined by psychological techniques.
Discussion
In this study, newborn rats were exposed to a standard period of asphyxia. While they all demonstrated hyperventilation initially, when placed in the low oxygen atmosphere, their breathing rapidly became shallow and they developed cyanosis. Effectively, they thus were not only hypoxic, but hypercarbic as well. The experimental model in some ways, therefore, mimics postnatal asphyxia in the human infant.
The results listed in table I show a striking difference in levels of phosphorus in serum between the asphyxiated animals and the controls. The rising phosphorus was not apparent immediately after the asphyxia but developed in the subsequent 24 hours. Three days after birth levels of phosphorus in serum were again within normal limits.
Failure to thrive and apparent behavioral changes are difficult to assess in rats, and a more quantitative assay of brain damage was required. Gangliosides are N-acetylneuraminic acid-containing glycolipids and are located almost exclusively in dendritic membranes of neurones [15, 29] . When the distribution of the major ganglioside species is unchanged, the determination of glycolipid NANA provides a good measurement of the amount of gangliosides in the tissue. In recent years, several different methods of extraction and assay of cerebral gangliosides have been described [25, 26, 28] . In certain cases these methods isolate larger quantities of glycolipid NANA than the method we have used. The extra ganglioside we do not measure may remain in the tissue or in the lower phase during partitioning.
GATT and BERMAN [9] have shown that in TaySachs disease, some gangliosides remain in the lower phase of a standard Folch-type [8] extraction. When extracting gangliosides from normal brain, however, they found that no glycolipid NANA remained in the washed lower phase. In our animals, however, the gangliosides had a normal distribution on thin layer chromatography, and random samples of lower phase lipids in both groups were free of NANA.
Although it is possible that we have not extracted all of the ganglioside from the rat cerebral hemispheres, both groups of animals were treated in the same fashion; thus the relative amounts of glycolipid NANA are comparable.
The results indicate an absolute decrease in the amount of all ganglioside species in the experimental animals. Because gangliosides are neuronal membrane lipids which accumulate during the period of dendritic expansion [3, 17] and because they are located in nerveending particle fractions [29] , it seems reasonable to suggest that the decrease in the total quantity of gangliosides extracted from brain may represent a failure in the normal development of a complete dendritic expansion in the experimental animals.
LOWDEN and WOLFE [14, 16] found that gangliosides in brains of adult cats and humans lose N-acetylneuraminic acid during hypercapnia. This finding is probably not related to the changes in the newborn animal.
In the present experiment, the quantity of gangliosides in the brain is decreased, while in the cat studies, the gangliosides contain less NANA than normal. Furthermore, the mechanism of the change in the hypercapneic adults is probably different from the apparent inhibition of normal accretion in the rats in this study. BLANKIER and LOWDEN [2] have recently demonstrated that the loss of NAN A from gangliosides during hypercapnea is reversible when the animals are adequately ventilated with room air.
There are several possible mechanisms responsible for the increase in the level of phosphorus in serum. For example, it could be the result of increased intake, increased mobilization from bone, abnormal renal excretion, changes in soft-tissue cell membranes with a resultant increase in membrane permeability, or it could be actual cell destruction. The first two possibilities are unlikely for the intake was probably similar in both groups, although the experimental animals actually grew more slowly than the controls. If the rise in the level of phosphorus in serum were due to increased mobilization from bone, one would expect a concomitant change in the level of calcium in serum when in fact there was none.
Renal function, on the other hand, may be depressed by severe hypoxia. There are reports in the literature of proximal tubular damage in newborn human infants with respiratory distress [11, 12] . Phosphate excretion, however, is affected by changes in glomerular filtration, and elevated phosphorus levels in serum are expected only when there is a profound decrease in the ability of the glomerulus to filter plasma [21] . In newborn rats, glomerular nitration is the major mechanism for handling phosphorus while tubular reabsorption is small. Thus the lesion in the kidney, which is usually produced by hypoxia, is unlikely to significantly affect the level of phosphorus in serum.
The normal values of phosphorus levels in serum at three hours and at three days after asphyxia, and the normal blood urea nitrogen and histological appearance of the kidney are not consistent with a severe renal lesion. Thus, one must assume that the phosphorus comes from cells which were damaged at least to the extent of losing the normal capacity of living cell membranes to maintain gradients. The brain of a newborn accounts for between 5 and 10 % of the total wet weight of the animal. Phosphate content of brain is high and the turnover is normally very rapid, but the exchange of labelled phosphate between blood and brain is low [18] . In conditions of asphyxia, the rate of exchange of P 32 between plasma and brain is greatly increased, indicating some alteration in the exclusion properties of the so-called 'bloodbrain barrier' [1, 6] . A similar mechanism could be operating in these rats. Although the rise in levels of phosphorus in the serum may in part reflect the release of phosphorus from neuronal tissue, the change is of such a magnitude as to suggest an effect on cell membrane permeability to phosphorus occurring in most tissues of the body.
Gangliosides are located mainly in neuronal membranes. Studies of lipids in rat brains during development indicate that the major increase in gangliosides occurs prior to myelination [3, 17] , probably during the period of dendritic expansion. In this experiment, the brains of adult animals that had been subjected to asphyxia in the newborn period contained less ganglioside than normal brains but were similar in total weight and cholesterol content. Thus, it would appear that asphyxia had damaged the neuronal membrane and prevented normal development, although it has not hindered growth or even myelination in the organ.
